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Description 

BACKGROUND OF THE INVENTION 

1. Field of the invention 

[0001] The present invention relates to a manufactur- 
ing method of a wire. 

2. Description of the Related Art 

[0002] By virtue of its nanometer-size effect, the 
quantum wire can provide novel physical properties that 
are different from bulk properties. For example, as 
shown in Fig. 1 , in the silicon (Si) quantum wire, the band 
gap increases as the wire diameter decreases. Further, 
a material having an indirect transition band gap in a 
bulk state is changed to a material having a direct tran- 
sition band gap. As a result, in the silicon quantum wire, 
the efficiency of light emission due to excited electron- 
hole recombination is increased remarkably and the 
emission wavelength is shifted to the shorter wave- 
length side, which enables visible light emission. 
[0003] The silicon quantum wire which can provide 
the above physical properties is conventionally manu- 
factured by etching a silicon substrate by electron beam 
lithography orsome other method. However, it is difficult 
forthis method to manufacture, in an integrated manner, 
silicon quantum wires having an equal shape over a 
wide area. 

[0004] In view of the above, it has been proposed to 
growing a number of silicon quantum wires directly on 
a silicon substrate by using a VLS (vapor-liquid-solid) 
method (referto E.I. Givargizov, J. Vac. Sci. Techno. B1 1 
(2), pp. 449). 

[0005] In this method, after melted alloy droplets of 
silicon and gold are formed on the surface of a silicon 
substrate by evaporating gold (Au) on the silicon sub- 
strate, silicon quantum wires are grown by heating the 
substrate while supplying a material gas of silicon (refer 
to Wagner et al., Appl. Phys. Lett. 4, No. 5, pp. 89, 1 964, 
and Givargizov, J. Cryst. Growth, 31 , pp. 20, 1975). 
[0006] Prior art document EP-A-0 443 920 discloses 
a controlled growth of silicon whiskers on a silicon (111) 
substrate comprising the steps of depositing a layer of 
Si0 2 followed by depositing a layer of a photosensitive 
resin, exposing and developing the layer of resin so that 
openings are formed exposing the Si0 2 and the ex- 
posed Si0 2 is being etched away forming a matrix of 
openings in the Si0 2 layer. A layer of metal such as Au 
or Ag, having a thickness of 1 nm to 500 nm is deposited 
by evaporation on the resin and in the openings, the res- 
in is dissolved so as to get rid of the resin and the metal 
located on the resin thereby obtaining precisely local- 
ized metal tips. By heating the substrate to a tempera- 
ture between 400 °C and 1OO0 °C the formation of a 
liquid phase of Au/Si is obtained in each of the openings 
and under a SiH 4 /HCI or SiH 2 CI/HCI or SiCI 4 atmos- 
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phere silicon whiskers are grown. 
[0007] Further, prior art document US-A-5, 544,6 17 
describes a method for producing a silicon whiskers on 
silicon (111) single crystal substrate, comprising the 
steps of forming a gold metal layer pattern on the sub- 
strate by photolithography, etching and plating, etching 
the surface of the single crystal substrate around the 
metal layer pattern and growing the silicon whisker by 
heating the substrate in a gas atmosphere containing a 
silicon material gas. 

SUMMARY OF THE INVENTION 



[0008] An object of the present invention is to provide 
w a manufacturing method of quantum wires that has a 
smail diameter and hence can provide sufficient quan- 
tum effects. 

[0009] To solve this object the present invention pro- 
vides a manufacturing method as specified in claim 1 . 
20 [0010] Preferred embodiments of the invention are 
described in the subclaims. 

[0011] A manufacturing method of a quantum wire 
comprises the steps of evaporating, on a silicon sub- 
strate, a metal to serve as a catalyst in a decomposition 

25 reaction of a silicon material gas, growing a silicon wire 
on a surface of the silicon substrate by heating the sili- 
con substrate on which the metal is evaporated in an 
atmosphere containing the silicon material gas and 
thereby decomposing the silicon material gas with the 

30 metal serving as a catalyst, oxidizing the silicon wire 
thus grown to form an oxide film in a surface portion, 
removing the metal at a tip of the silicon wire, and re- 
moving the oxide film. 

[0012] Another manufacturing method of a quantum 
35 wire comprises the steps of evaporating, on a silicon 
substrate, a metal that forms a melted alloy droplet with 
silicon,, and growing, after the evaporation step, a sili- 
con quantum wire by heating the silicon substrate to 400 
°C or less in an atmosphere containing, at 66,66 Pa (0.5 
40 Ton-) or more, a silicon material gas that produces silicon 
by a decomposition reaction thereof and can have a 
negative variation in Gibbs free energy in the decompo- 
sition reaction at 400 °C or less. 
[001 3] In a device having a plurality of wires on a sub- 
45 strate, forming positions of respective ones of the plu- 
rality of wires are controlled. 

[001 4] A further manufacturing method of a wire com- 
prises the steps of forming a mask having an opening 
on a substrate, evaporating a metal to become a catalyst 
50 during growth of a wire on the substrate on which the 
mask is formed, and growing a wire in the opening on 
the substrate by heating the substrate on which the met- 
al is evaporated in an atmosphere containing a material 
gas for the wire. 

55 
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BRIEF DESCRIPTION OF THE DRAWINGS companying drawings. 

Embodiment 1 



[0015] 



Fig. 1 shows a relationship between the diameter 
of a silicon quantum wire and the band gap; 
Figs. 2A-2D are sectional views showing respective 
steps of manufacturing methods of a quantum wire 
according to a first and second embodiments of the 
present invention; 

Fig. 3A-3C are sectional views showing respective 
steps following the step of Fig. 2D; 
Fig. 4 is a SEM photograph of silicon wires grown 
by the method according to the first embodiment of 
the invention; 

Figs. 5A and 5B are TEM photographs of silicon 
quantum wires formed by the method according to 
the first embodiment of the invention; 
Fig. 6 is a graph showing a relationship between the 
temperature and the variation in Gibbs free energy 
of composition reactions of silane and silicon chlo- 
ride; 

Fig. 7 shows variations in chemical potential in VLS 
reactions; 

Fig. 8 is a correlation diagram showing results of 
SEM observations of silicon quantum wires that 
were grown while the pressure of a silane gas and 
the heating temperature were varied in an example 
of the second embodiment; 
Fig. 9 is a perspective view showing the configura- 
tion of a device having wires according to a third 
embodiment of the invention; 
Fig. 1 0 is a perspective view showing a modification 
of the device of Fig. 9; 

Fig. 1 1 is a sectional view showing another modifi- 
cation of the device of Fig. 8; 
Figs. 1 2A-1 2C are sectional views showing respec- 
tive steps of a manufacturing method of the device 
of Fig. 10; 

Figs. 13A-1 3D are sectional views showing respec- 
tive steps following the step of Fig. 12C; 
Figs. 14A-14E are sectional views showing respec- 
tive steps of another manufacturing method of the 
device of Fig. 10; 

Figs. 15A-1 5C are sectional views showing respec- 
tive steps following the step of Fig. 14E; 
Fig. 16 is a plan view corresponding to Figs. 14B 
and 14E; and 

Fig. 1 7 is a SEM photograph showing states of re- 
spective wires of a device manufactured by the 
manufacturing method shown in Figs. 14A-14Eand 
15A-15C. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0016] Embodiments of the present invention will be 
hereinafter described in detail with reference to the ac- 



5 [0017] Figs. 2A-2D and 3A-3C show a manufacturing 
method of a quantum wire according to a first embodi- 
ment of the invention. In this embodiment, first, as 
shown in Fig.2A, a (111) silicon (Si) substrate 11 having 
resistivity of 0.4-4 Q-cm, for instance, is inserted in a 

10 vacuum container (not shown) and its surface is cleaned 
by heating it at 1 ,000°C and 6,666 x 10' 6 Pa (5 x 10~ 8 
Torr), for instance. 

[0018] Then, as shown in Fig. 2B, while the silicon 
substrate 11 is heated to 450°C or more, gold (Au) 12 
'5 to serve as a catalyst in a decomposition reaction of a 
silicon material gas is evaporated on the surface of the 
silicon substrate 1 1 at a thickness of 0.6 nm, for instance 
(evaporation step). For example, the silicon substrate 

11 is heated, preferably at450°-650°C f by causing DC 
20 current to flow through the silicon substrate 11 along its 

longitudinal direction. For example, gold 12 is evaporat- 
ed by using a tungsten (W) filament. As a result, gold 

12 locally melts silicon at the surface of the silicon sub- 
strate 11 and coheres to form melted alloy droplets 12a 

25 as shown in Fig. 2C. 

[0019] The reason why the evaporation thickness of 
gold 1 2 in the evaporation step is as small as 0.6 nm is 
to make the melted alloy droplets 1 2a smaller to thereby 
make thinner the silicon wires 13 that will be grown in a 

30 later wire growing step (see Fig. 2D). 

[0020] Thereafter, as shown in Fig. 2D, while the sili- 
con substrate 1 1 is heated to 450°C or more (preferably 
450°-650°C), a silane (SiH 4 ) gas, for instance, as a sil- 
icon material gas is introduced into the vacuum contain- 

35 er (not shown) (wire growing step). The amount of silane 
gas to be introduced is adjusted so that the pressure of 
the silane gas in the vacuum container (not shown) be- 
comes lower than 66,66 Pa (0.6 Torr), for instance (pref- 
erably lower than 20 Pa (0.15 Torr)). 

40 [0021] As a result, the silane gas is decomposed by 
a decomposition reaction shown in Formula (1 ) with the 
melted alloy droplets 12a serving as a catalyst, to form 
silicon. The silane gas decomposition reaction does not 
occur on a surface 11a of the silicon substrate 11 where 

45 the melted alloy droplets 12a do not exist. 



SiH^ 



> Si + 2H 9 



(1) 



50 [0022] Silicon that has been formed by the decompo- 
sition of the silane gas diffuses into the melted alloy 
droplets 12a and epitaxially bonds to the interface be- 
tween the melted alloy droplets 12a and the silicon sub- 
strate 11 . As a result, as shown in Fig. 2D, silicon wires 

55 13 of about 10-100 nm in diameter grow on the silicon 
substrate 1 1 . The thickness of the silicon wires 1 3 is de- 
termined by the diameter of the melted alloy droplets 
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12a. 

[0023] Fig. 4 is an SEM (scanning electron micro- 
scope) photograph of an example of silicon wires 1 3 that 
were grown in the above manner This photograph was 
taken obliquely from above the silicon substrate 1 1 . The 5 
silicon wires 1 3 were grown for about one hour at a heat- 
ing temperature of 500°C and at a silane gas pressure 
of 1 ,333 Pa (10 mTorr). Thus, the silane wires of about 
1 00 nm in diameter are grown approximately perpendic- 
ularly to the silicon substrate 11. w 
[0024] The reason why a silane gas is used as the 
silicon material gas in the wire growing step is that a 
silane gas allows growth of silicon wires 1 3 having a uni- 
form thickness profile in the longitudinal direction (see 
Fig. 4) as well as a sufficiently small diameter. 15 
[0025] By setting the heating temperature of the sili- 
con substrate 1 1 and the silane gas pressure at 450°C 
or more and lowerthan 66,66 Pa (0.5Torr), respectively, 
in the wire growing step, the silicon wires 13 grow per- 
pendicularly to the silicon substrate 1 1 , so that the sill- 20 
con wires 1 3 having the good shape as shown in Fig. 4 
can be obtained. 

[0026] Further, by setting the heating temperature of 
the silicon substrate 11 preferably at 650°C or less in 
the wire growing step, the silicon wires 1 3 can be formed 25 
at a sufficiently small diameter. 
[0027] After the silicon wires 13 have been grown in 
the above manner, they are immersed in aqua regia 
(HN0 3 :HCI = 1 :3) of 35°C for one minute to etch and 
remove the alloy droplets (i.e., gold that was evaporated 30 
on the surface of the silicon substrate 11) at the tips of 
the silicon wires 13, as shown in Fig. 3A (metal removal 
step). As a result, a state is obtained that only the silicon 
wires 13 remain on the surface of the silicon substrate 
11. 35 
[0028] Subsequently, as shown in Fig. 3B, the silicon 
substrate 11 on which the silicon wires 13 are grown is 
heated at 700°C for a propertime in an atmosphere con- 
taining an oxygen (0 2 ) gas (oxygen gas pressure: 66 
660 Pa (500 Ton*)), for instance (oxidation step). As a *o 
result, oxide films 1 3a and 1 1 b are formed in the surface 
portions of the silicon wires 1 3 and the silicon substrate 
11, and silicon quantum wires 13b whose diameter is 
smaller than the diameter of the silicon wires 13 by the 
thickness of the oxide films 1 3a and is, for instance, less 45 
than 10 nm are formed in the central portions of the re- 
spective silicon wires 13. 

[0029] After the oxidation of the silicon wires 13, as 
shown in Fig. 3C, the substrate is immersed in HF (50%) 
at the room temperature for one minute, whereby the so 
oxide films 13a and 11b in the surface portions of the 
silicon wires 13 and the silicon substrate 11 are etched 
and removed (oxide film removal step). As a result, a 
state is obtained in which only the silicon quantum wires 
13b remain on the surface of the silicon substrate 11. 55 
Thus, the silicon quantum wires 1 3b having a sufficiently 
small diameter are obtained. 

[0030] Figs. 5A and 5B are TEM (transmission elec- 



tron microscope) photographs of an example of a silicon 
quantum wire 13b. Fig. 5A is a TEM bright field image 
of a silicon wire 13 before being subjected to oxidation 
and Fig. 5B is a TEM dark field image of a silicon quan- 
tum wire 13b (Si core portion) obtained after the oxida- 
tion step. The silicon quantum wire 13b was formed by 
heating a silicon wire 13 of about 25 nm in diameter at 
700°C for one hour in an oxygen gas atmosphere of 66 
660 Pa (500 Torr). Thus, the silicon quantum wire 13b 
that is about 15 nm in diameter and has a good shape 
was formed. 

[0031] As described above, in the manufacturing 
method of a quantum wire according to the first embod- 
iment, melted alloy droplets 12a are formed on the sur- 
face of a silicon substrate 11, then silicon wires 13 are 
grown the silicon substrate 11 by decomposing a silicon 
material gas with the melted alloy droplets 1 2a used as 
catalysts, and finally the surface portions of the silicon 
wires 13 are oxidized. Therefore, silicon quantum wires 
13b that have a sufficiently small diameter and hence 
can provide sufficient quantum effects. 
[0032] Further, in this manufacturing method of a 
quantum wire, since gold 12 is evaporated at as small 
a thickness as 0.6 nm, melted alloy droplets 12a can be 
made small, which allows growth of silicon wires 13 hav- 
ing a sufficiently small diameter. That is, silicon quantum 
wires 13b having a small diameter can be formed. 
[0033] Still further, in this manufacturing method of a 
quantum wire, since a silane gas is used as a silicon 
material gas in the wire growing step, silicon wires 13 
having a sufficiently small diameter and a uniform thick- 
ness profile in the longitudinal direction can be grown. 
That is, silicon quantum wires 13b having a small diam- 
eter and a good shape can be obtained. 
[0034] In addition, in this manufacturing method of a 
quantum wire, since the substrate is heated to 450°C or 
more in a silane gas atmosphere of less than 66,66 Pa 
(0.5 Torr) in the wire growing step, silicon wires 13 can 
be grown approximately perpendicularly to a silicon sub- 
strate 11. That is, silicon quantum wires 13b having a 
good shape can be obtained. 

[0035] The invention Is not limited to the above-de- 
scribed first embodiment and various modifications are 
possible. For example, in the embodiment, gold 12 is 
evaporated in the evaporation step while the silicon sub- 
strate 11 is heated, and the melted alloy droplets 12a 
are formed on the surface of the silicon substrate 1 1 dur- 
ing the evaporation. Alternatively, melted alloy droplets 
12a may be formed by heating the substrate in an at- 
mosphere containing a silane gas after gold 12 is evap- 
orated on the silicon substrate 11 . As a further alterna- 
tive, melted alloy droplets 12a may be formed by evap- 
orating gold 1 2 on the silicon substrate 1 1 and then heat- 
ing the substrate before introduction of a silane gas. 
[0036] Further, in the first embodiment, gold 12 is 
evaporated on the surface of the silicon substrate 11 at 
a thickness of 0.6 nm in the evaporation step so that the 
size of the melted alloy droplets 12a is made small. The 
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size of the melted alloy droplets 12a can be made suf- 
ficiently small, i.e., equivalent to the size in the embod- 
iment as long as the thickness of gold 12 is 5 nm or less. 
[0037] Further, although in the first embodiment gold 
12 is used as the metal to serve as a catalyst in the de- 
composition reaction of a silicon material gas in the 
evaporation step, platinum (Pt), silver (Ag), tin (Sn), and 
the like may be used instead of gold 12. Also in such a 
case, as in the case of gold 1 2, the element, when heat- 
ed, locally melts silicon coheres to form melted alloy 
droplets on the surface of the silicon substrate 11 . Fur- 
ther, when evaporated at a thickness of 5 nm or less, 
the above metal elements, like gold (i.e., as in the em- 
bodiment), can form sufficiently small melted alloy drop- 
lets. 

[0038] In addition, although in the first embodiment a 
silane gas is directly introduced into the vacuum con- 
tainer (not shown) in the wire growing step, a silane gas 
may be introduced into the vacuum container after being 
diluted with an inert gas such as a helium (He) gas or 
an argon (Ar) gas. 

[0039] Further, although in the first embodiment a si- 
lane gas is used as the silicon material gas in the wire 
growing step, a disilane (Si 2 H 6 ) gas or a trisilane (Si 3 H 8 ) 
gas, or even a mixed gas of at least two of a silane gas, 
a disilane gas, and a trisilane gas may be used instead 
of a silane gas. Even with such a gas other than a silane 
gas, silicon wires having a sufficiently small diameter 
and a good shape can be grown under the same condi- 
tions as with a silane gas. 

[0040] In addition, not only a silane gas, a disilane 
gas, and a trisilane gas but also gases capable of pro- 
ducing silicon by a decomposition reaction, such as a 
silicon chloride (SiCl 4 ) gas that is diluted with a hydro- 
gen (H 2 ) gas, may be used as the silicon material gas. 
In the latter case, the gas pressure and the heating tem- 
perature are determined properly for the kind of gas 
used. 

[0041] Further, in the first embodiment, the alloy drop- 
lets 12a are removed after the wire growing step in 
which the silicon wires 1 3 are grown, and then the silicon 
wires 13 are oxidized. Alternatively, silicon wires 13 may 
be oxidized after the wire growing step, followed by re- 
moval of alloy droplets 12a. In this case, either the com- 
pound alloy droplets 12a or the oxide portions 13a may 
be removed first. 

[0042] Still further, in the first embodiment, for exam- 
ple, the silicon wires 13 are heated to 700°C in an oxy- 
gen-containing atmosphere with an oxygen gas pres- 
sure of 66 660 Pa (500 Torr) in the oxidation step. The 
oxidation conditions are determined properly in accord- 
ance with the thickness of the silicon wires 13. 
[0043] As described above, in the manufacturing 
method of a quantum wire according to the first embod- 
iment, a metal to serve as a catalyst is evaporated on a 
silicon substrate, then silicon wires are grown on the sil- 
icon substrate, and finally the surface portions of the sil- 
icon wires are oxidized. Therefore, silicon quantum 
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wires having a sufficiently small diameter can be 
formed. Thus, the invention has an advantage that suf- 
ficient quantum effects can be obtained, 

5 Embodiment 2 

[0044] A second embodiment of the invention will be 
hereinafter described in detail with reference to the 
drawings. 

to [0045] A manufacturing method of a quantum wire ac- 
cording to the second embodiment will be described al- 
so with reference to Figs. 2A-2D. In this embodiment, 
as shown in Fig. 2A, first a silicon substrate is cleaned 
to remove an oxide from the surface. 

15 [0046] Then, as shown in Fig. 2B, the substrate 11 is 
inserted into a reaction chamber (not shown). In a low- 
pressu re state, a metal to form melted alloy droplets with 
silicon is evaporated on the surface of the silicon sub- 
strate 11, to form a metal layer 12 (evaporation step). 

20 Examples of the metal to form melted alloy droplets with 
silicon are gold, silver (Ag), and indium (In); it is prefer- 
able to form the metal layer 12 by evaporating at least 
one of these metals. It is preferable that the thickness 
of the metal layer be 5 nm or less. This is to form small 

25 melted alloy droplets 1 2a (see Fig. 2C) in a later growing 
step (described layer). 

[0047] Then, after the silicon substrate 11 is heated 
to 400°C or less, a silicon material gas is introduced into 
the reaction chamber (not shown) while the temperature 

30 is maintained (growing step). The silicon material gas is 
to produce silicon by a decomposition reaction. The 
pressure of the silicon material gas is adjusted to 66,66 
Pa (0.5 Torr) or more. As a result, as shown in Fig. 2C, 
the metal layer 1 2 on the surface of the silicon substrate 

« 11 locally melts silicon and coheres, to form a plurality 
of melted alloy droplets 12a made from silicon and the 
metal. The melted alloy droplets 12a serve as catalysts 
of the decomposition reaction of the silicon material gas, 
and the decomposition reaction of the silicon material 

[ o gas occurs selectively in the melted alloy droplets 12a. 
That is, the decomposition reaction of the silicon mate- 
rial gas does not occur on a surface 11a of the silicon 
substrate 11 where the melted alloy droplets 12a do not 
exist. 

5 [0048] Silicon produced by the decomposition reac- 
tion of the silicon material gas diffuses into the melted 
alloy droplets 12a, and epitaxially bonds to the silicon 
substrate 11 at the interface between the respective 
melted alloy droplets 12a and the silicon substrate 11. 

o As a result, as shown in Fig. 2D, a plurality of silicon 
quantum wires 13 whose diameter is smaller than 20 
nm are grown in the silicon substrate 11. The diameter 
of each silicon quantum wire 13 is determined by the 
diameter of the corresponding melted alloy droplet 12a. 

5 [0049] In the above step, it is preferable that the sili- 
con material gas be one in which a variation (AG) in 
Gibbs free energy is small in its decomposition reaction. 
In particular, since in this step the decomposition reac- 
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tion is cased at as low a temperature as 400°C or less, 
it is preferable that a silicon material gas have a negative 
variation in Gibbs free energy in its decomposition re- 
action at a low temperature of 400°C or less. That is, it 
suffices that a variation in Gibbs free energy of the de- 
composition reaction be a negative value at a certain 
temperature in the range of 400°C or less. 
[0050] For example, as shown in Fig. 6, in the case of 
the silane (SiH 4 ) gas, the variation in Gibbs free energy 
of the composition reaction is a positive value (negative 
value in the case of the decomposition reaction) from 
the high temperature to the low temperature (400°C or 
less). Therefore, the silane gas is easily decomposed at 
a lowtemperature of 400°C orless and hence is suitable 
for the intended use. On the other hand, in the conven- 
tionally used silicon chloride gas, the variation in Gibbs 
free energy of the composition reaction is a negative val- 
ue (positive value in the case of the decomposition re- 
action) even at a high temperature of about 1 ,000°C; it 
is not suitable for the intended use. Although not shown 
in Fig. 2, the disilane gas (Si 2 H 6 ) gas and the trisilane 
( s >3 H s) 9 as have negative variations in Gibbs free en- 
ergy in their decomposition reactions at 400°C or less, 
and hence they are also suitable for the intended use. 
A mixed gas of at least two of a silane gas, a disilane 
gas, and a trisilane gas may be used as the silicon ma- 
terial gas. 

[0051] As show in Fig. 7 for an example of the silane 
gas, a substance having a small variation in Gibbs en- 
ergy in a decomposition reaction has a relatively high 
chemical potential. Therefore, although the chemical 
potential of a silicon wire increases as its diameter de- 
creases, the silicon gas allows growth of even silicon 
quantum wires 13 having small diameter. The chemical 
potential of silane is much higher than that of silicon 
chloride which is conventionally used (indicated by a 
broken line in Fig. 7), and hence is advantageous to 
growth of silicon quantum wires 13. For the above-de- 
scribed reason, in this embodiment, silicon quantum 
wires 1 3 grow even if the melted alloy droplets 1 2a have 
a small diameter. 

[0052] Further, the reason why the heating tempera- 
ture of the silicon substrate 11 is set at 400°C or less 
and the pressure of the silicon material gas is set at 
66,66 Pa (0.5 Torr) or more is that the diameter of silicon 
quantum wires formed is smaller as the heating temper- 
ature is lower than the pressure of the silicon materials 
gas is higher, and silicon quantum wires 13 whose di- 
ameter is smaller than 20 nm can be grown when the 
heating temperature is 400°C or less and the pressure 
of the silicon material gas is 66,66 Pa (0.5 Torr) or more. 
[0053] As described above, in the manufacturing 
method according to this embodiment, heating is per- 
formed at a temperature of 400°C or less in an atmos- 
phere containing, at a pressure of 66,66 Pa (0.5 Torr) or 
more, a silicon material gas whose variation in Gibbs 
free energy of its decomposition reaction can be a neg- 
ative value at 400°C or less. Therefore, silicon quantum 



wires 13 whose diameter is smaller than 20 nm can be 
grown at a low temperature; that is, silicon quantum 
wires 13 that are sufficiently narrow to provide new 
physical properties can be grown directly. 

5 [0054] Further, in this manufacturing method of a 
quantum wire, since the metal layer 12 is evaporated at 
a thickness of 5 nm or less, small melted alloy droplets 
12a can be formed, which in turn allows growth of silicon 
quantum wires having a sufficiently small diameter. 

10 [0055] A specific example of the second embodiment 
will be hereinafter described with reference to the draw- 
ings. 

[0056] First, a polished n-type silicon wafer ((111) sur- 
face, p = 0.4 Q-cm) was prepared and cut into rectan- 

1S gular silicon substrates 11 (1 cm x 5 cm). After the silicon 
substrates 11 were cleaned in acetone, they were 
etched with a mixed solution of nitric acid (HN0 3 ) and 
hydrofluoric acid (HF) to remove an oxide from their sur- 
faces (see Fig. 2A). 

20 [0057] Then, each silicon substrate 1 1 was introduced 
into a reaction chamber (not shown) and the pressure 
inside the reaction chamber was reduced to 6,666 x 1 0' 6 
Pa (5 x 10' 8 Torr). Thereafter, gold was evaporated on 
the surface of the silicon substrate by using a tungsten 

25 (W) filament, so that a 0.6-nm-thick metal layer 1 2 was 
formed (see Fig. 2B). 

[0058] Then, after the silicon substrate 1 1 was heat- 
ed, a silane gas that was diluted with a helium (He) gas 
to 10% was introduced into the reaction chamber (not 

30 shown) as a silicon material gas while the substrate tem- 
perature was maintained. As a result, a plurality of melt- 
ed alloy droplets 12a were formed on the surface of the 
silicon substrate 1 1 , the silane gas was decomposed in 
the respective melted alloy droplets 12a according to 

35 Formula (1), and a plurality of silicon quantum wires 13 
grew (see Figs. 2C and 2D). 



40 



SihL -> Si + 2H, 



(1) 



[0059] In the above step, the flow rate of the mixed 
gas containing the silane gas was set at 40 seem and 
the partial pressure of the silane gas was varied in a 
range of 1 ,33 Pa - 133,32 Pa (0.01-1 Torr). The heating 

45 was performed by causing DC current to flow through 
the silicon substrate 11 along its longitudinal axis and 
the heating temperature was varied in a range of 320°C- 
440°C. The temperature of the silicon substrate 11 was 
measured with an optical high temperature meter and a 

50 thermocouple. 

[0060] Silicon quantum wires 13 thus grown were ob- 
served with a scanning electron microscope (SEM). Fig. 
8 shows observation results. Fig. 8 shows a relationship 
between the silane gas partial pressure/heating temper- 

55 ature and the form/thickness of the silicon quantum wire 
13. 

[0061] As seen from Fig. 8, the silicon quantum wire 



6 



11 



EP 0 838 865 B1 



12 



13 had a smaller diameter when the heating tempera- 
ture was lower and the silane gas pressure was higher. 
While the diameter was 20 nm when the heating tem- 
perature was 440°C and the silane gas pressure was 
66,66 Pa (0.5Torr), it was made as small as 15 nm when 
they were 320°C and 133.32 Pa (1 Torr). It has become 
apparent that the diameter of the silicon quantum wire 
13 can be made smaller than 20 nm when the heating 
temperature is 400°C or less and the silane gas pres- 
sure is 66,66 Pa (0.6 Torr) or more. 
[0062] Although the invention has been described 
above by using the embodiment and the example, the 
invention is not limited to those and various modifica- 
tions are possible. For example, although in the above 
embodiment and example the melted alloy droplets 12a 
are formed by heating the silicon substrate 11 after 
evaporating the metal thereon and before introducing 
the silicon material gas, melted alloy droplets 12a may 
be formed by heating the silicon substrate 11 in an at- 
mosphere containing a silicon material gas after evap- 
orating a metal on the silicon substrate 1 1 . As a further 
alternative, a metal may be evaporated while the silicon 
substrate 11 was heated, in which case melted alloy 
droplets 12a are formed during the evaporation. 
[0063] Further, although in the above example the sil- 
icon material gas (silane gas) is introduced into the re- 
action chamber such that it is diluted with a helium gas, 
it may be diluted with some other inert gas such as an 
argon (Ar) gas, or only the silicon material gas may be 
introduced without being diluted. 
[0064] Still further, although the above example is on- 
ly directed to the case where a silane gas used as the 
silicon material gas, the same results can be obtained 
even in a case where a disilane gas or a trisilane gas is 
used. 

[0065] As described above, in the manufacturing 
method according to the second embodiment, heating 
is performed at a temperature of 400°C or less in an 
atmosphere containing, at a pressure of 66,66 Pa (0.5 
Torr) or more, a silicon material gas whose variation in 
Gibbs free energy of its decomposition reaction can be 
a negative value at 400°C or less. Therefore, silicon 
quantum wires whose diameter is smaller than 20 nm 
can be grown at a low temperature. Thus, an advantage 
is obtained that silicon quantum wires that are sufficient- 
ly narrow to provide new physical properties can be 
grown directly. 

Embodiment 3 

[0066] A third embodiment of the invention will be 
hereinafter described in detail with reference to the 
drawings. 

[0067] Fig. 9 shows the configuration of a device hav- 
ing wires according to the third embodiment. The device 
has a plurality of silicon single crystal wires 2 which are 
formed on a silicon single crystal substrate 1 so as to 
be approximately perpendicularly to the substrate 1. 



The forming positions of the respective wires 2 are con- 
trolled so as to be arranged periodically. In the device 
shown in Fig. 9, the wires 2 are arranged at regular in- 
tervals in both longitudinal and lateral directions. 

5 [0068] The thicknesses of the respective wires 2 are 
controlled. In the device of Fig. 9, the wires 2 are given 
the same thickness. As shown in Fig. 10, the wires 2 
may be given different thicknesses. For example, where 
this device is to be used as a light-emitting device utiliz- 

w ing the optical characteristics of the wires 2, light of a 
single wavelength can be emitted by equalizing the 
thicknesses of the respective wires 2 as shown in Fig. 
9. If the thicknesses of the respective wires 2 are varied 
properly as shown in Fig. 10, a single device can emit 

*5 light beams of a plurality of wavelengths. In the device 
of Fig. 1 0, the thicknesses of the respective wires 2 are 
changed on a column-by-column basis to emit light 
beams of three kinds of waveforms. For example, the 
thickest wires 2 having a diameter of 3 nm (30 A), the 

20 medium thickness wires 2 having a diameter of 2 nm (20 
A), and the narrowest wires 2 having a diameter of about 

1 nm (10 A) emit red light, green light, and blue light, 
respectively. 

[0069] Further, as shown in Fig. 11, this device may 
25 be used in a self-emission flat display as an array device 
in which interconnections are connected to the wires 2 
in matrix form. In the device of Fig. 11 , a plurality of in- 
terconnections 1 a having a conductivity type (n orp) that 
is opposite to a conductivity type (p or n) of a substrate 
30 1 are formed on the surface of the substrate 1, and wires 

2 are formed on the interconnections 1a. An insulating 
film 3 made of silicon dioxide (Si0 2 ) or a proper resin is 
formed between the wires 2. A plurality of contact lines 
4 are formed, with a proper metal, on the wires 2 in the 

35 direction perpendicular to the interconnections 1a. 
Thus, in this device, the wires 2 are connected individ- 
ually. 

[0070] As described above, in the device having wires 
according to the embodiment, since the forming posi- 

40 tions of the respective wires 2 are controlled, the respec- 
tive wires 2 can be arranged at given positions that are 
designed for an intended use; the device can be put into 
practical use. For example, a matrix type array device 
can be obtained in which the wires 2 are arranged peri- 

4 5 odically. 

[0071] Further, since the thicknesses of the respec- 
tive wires are controlled, the thicknesses of the respec- 
tive wires 2 can be adjusted to arbitrarily given values 
in accordance with an intended purpose. Therefore, a 
so device having wires 2 of uniform thicknesses and a de- 
vice in which wires 2 of different thicknesses are ar- 
ranged and which therefore can emit visible light beams 
of a plurality of wavelengths. 

[0072] The device having the above structure can be 
55 manufactured in the following manner. 

[0073] Figs. 12A-12C and 13A-13D show manufac- 
turing steps of the device according to the embodiment. 
Figs. 12A-12C and 13A-1 3D show manufacturing steps 
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of the device shown in Fig. 10, as a typical example. 
First, as shown in Fig. 12A, a (111) single crystal silicon 
substrate 1 having resistivity of 0.4-4 n-cm, for instance, 
is inserted in a reaction furnace and oxidized therein, so 
that an oxide film of, for instance, about 1 00 nm in thick- 
ness as a formation assisting film 11 is formed on the 
surface of the substrate 1 . 

[0074] Then, as shown in Fig. 12B, after a photoresist 
film 1 2 is applied to the substrate on which the formation 
assisting film 1 is formed, it is selectively exposed and 
openings 12a of proper sizes are formed at positions 
corresponding to forming positions of wires 2. For ex- 
ample, to form the device of Fig. 1 0, openings 1 2a, hav- 
ing a diameter of about 1 jim, openings 12a 2 having a 
diameter of about 0.8 nm, and openings 12a 3 having a 
diameter of about 0.6 nm are formed for the respective 
columns at positions of regular intervals in both longitu- 
dinal and lateral directions. 

[0075] Subsequently, the substrate 1 is cut into a 
proper size (for instance, a rectangle of 1 cm x 4.5 cm). 
Thereafter, as shown in Fig. 1 2C, the formation assisting 
film 11 is etched for a proper time (for instance, 5 min- 
utes) with the photoresist film 12 used as a mask with 
an etching liquid containing hydrogen fluoride (HF), and 
a plurality of holes 1 1 a corresponding to the forming po- 
sitions of respective wires 2 are thereby formed in the 
formation assisting film 11. For example, in the case of 
forming the device shown in Fig. 10, holes 11a, having 
a diameter of about 1 u.m, holes 11 a% having a diameter 
of about 0.8 ujti, and holes 11a 3 having a diameter of 
about 0.6 u,m are formed for the respective columns. As 
a result, the formation assisting film 11 as an assisting 
means is formed in which the holes 1 1 a are formed so 
as to correspond to the forming positions of the respec- 
tive wires 2 (the above steps belong to a formation as- 
sisting film forming step and an assisting means forming 
step). It is noted that if the holes 11a thus formed are 
too large, the thicknesses and the forming positions of 
the wires 2 cannot be controlled with high accuracy. 
[0076] After the holes 1 1 a are formed in the formation 
assisting film 11 , the photoresist film 1 2 is removed with 
acetone, for instance. Thereafter, the substrate 1 is im- 
mersed in nitric acid (HN0 3 ) that has been heated to 
70°C, for instance, for one minute, and then etched for 
5 seconds with an etching liquid containing hydrofluoric 
acid, so that the portions of the surface of the substrate 
1 that are exposed through the holes 1 1a of the forma- 
tion assisting film 11 are cleaned. 
[0077] After the cleaning of the substrate 1 , it is dried 
and then inserted into a reaction furnace (not shown). 
After the pressure inside the reaction furnace is re- 
duced, the substrate 1 is heated properly (to 700°C, for 
instance) and a metal (for instance, gold (Au)) to serve 
as a catalyst during formation of wires 2 is evaporated 
on the substrate 1 as shown in Fig. 13A (evaporation 
step). As a result, 3-nm-thick catalyst layers 13 are 
formed on the portions of the substrate 1 that are ex- 
posed through the respective holes 1 1 a of the formation 



assisting film 11 . No metal is evaporated on the forma- 
tion assisting film 11 and hence the catalyst layers 13 
are not formed thereon. In this case, for example, the 
substrate 1 is heated by causing DC current to flow 
5 through the substrate 1 along its longitudinal direction. 
The metal is evaporated for one minute by using a tung- 
sten (W) filament, for instance. 
[0078] Afterthe formation of the catalyst layers 1 3, the 
substrate 1 is kept heated properly (to 700°C, for in- 
fo stance) in the reaction chamber (not shown) for a proper 
time (for instance, 30 minutes) (heating step). As a re- 
sult, the catalyst layers 13 that are exposed through the 
respective holes 11a of the formation assisting film 11 
locally melt silicon at the surface of the substrate 1 and 
15 cohere to form melted alloy droplets as shown in Fig. 
13B. For example, to form the device shown in Fig. 10, 
melted alloy droplets 13a, having a diameter of about 
100 nm (1,000 A), melted alloy droplets 13a 2 having a 
diameter of abou 90 nm (900 A), and melted alloy drop- 
20 lets 1 3a 3 having a thickness of about 80 nm (800 A) are 
formed in accordance with the sizes of the associated 
holes of the formation assisting film 11 . 
[0079] That is, the sizes of the respective melted alloy 
droplets 1 3a are controlled by the sizes of the associat- 
es ed holes 11a of the formation assisting film 11. Further, 
the sizes of the respective melted alloy droplets 13a de- 
pend on the thickness of the catalyst layers 13 that are 
evaporated in the evaporation step. For example, the 
sizes of the respective melted alloy droplets 13a de- 
30 crease as the catalyst layers 13 are made thinner, and 
vice versa. 

[0080] The heating step is executed for a sufficient 
time until a single melted alloy droplet 13a is formed in 
each hole 11 a. Although this time depends on the sizes 
35 of the respective holes 11a of the formation assisting 
film 11 and the heating temperature, it is preferable that 
the heating step be executed for at least 1 0 minutes. 
[0081] After the melted alloy droplets 1 3a are formed 
in the above manner, a silane (SiH 4 ) gas as a si'icon 
40 material gas to constitute wires 2 is introduced into the 
reaction furnace (not shown) while the substrate 1 is 
heated to 450°C or more (for instance, 700°C) (wire 
growing step). The amount of the silane gas is adjusted 
so that the partial pressure of the silane gas in the re- 
45 action furnace becomes less than 66,66 Pa (0.5 Torr), 
preferably 20 Pa (0.15 Torr) or less. 
[0082] As a result, the silane gas is decomposed by 
a decomposition reaction according to Formula (1) with 
the melted alloy droplets 13a serving as catalysts. 



50 



SihL -»Si + 2H 0 



(D 



[0083] Silicon that is produced by the decomposition 
55 of the silane gas diffuses into the respective melted alloy 
droplets 13a and epitaxially bonds to the interfaces be- 
tween the substrate 1 and the respective melted alloy 
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droplets 13a. Therefore, as shown in Fig. 13C, wires 2 
grow selectively under the respective melted alloy drop- 
lets 1 3a at thicknesses corresponding to the sizes of the 
respective melted alloy droplets 1 3a. That is, in the case 
of forming the device of Fig. 1 0, wires 2 1 having a diam- 5 
eter of about 1 00 nm (1 ,000 A), wires 2^ having a diam- 
eter of about 90 nm (900 A), and wires 2 3 having a di- 
ameter of about 80 nm (800 A) grow. 
[0084] The reason why a silane gas is used as the 
silicon material gas in the wire growing step is that a to 
silane gas allows growth of wires 2 having a uniform 
thickness profile in the longitudinal direction as well as 
a sufficiently small diameter. Further, by setting the heat- 
ing temperature of the silicon substrate 1 and the silane 
gas partial pressure at 450°C or more and lower than 15 
66,66 Pa (0.5 Torr), respectively, wires 2 having a good 
shape can be obtained. 

[0085] Afterthe wires 2 have been grown for about 20 
minutes in the above manner, the substrate is immersed 
in, for instance, aqua regia (HN0 3 :HCI = 1 :3) of 35°C 20 
for one minute to etch and remove the alloy droplets 13 
at the tips of the respective wires 2 and the catalyst lay- 
ers 13 on the formation assisting film 11 . 
[0086] Thereafter, as shown in Fig. 1 3D, for example, 
the substrate on which the wires 2 are grown is heated 25 
at 700°C for a proper time in an atmosphere containing 
an oxygen (0 2 ) gas at 66660 Pa (500 Torr) (oxidation 
step). As a result, an oxide film 11b including the forma- 
tion assisting film 11 is formed on the surfaces of the 
wires 2 and the substrate 1 , so that the diameters of the 30 
respective wires 2 are reduced by the thickness of the 
oxide film 11b. For example, in the case of forming the 
device of Fig. 10, the diameters of the wires 2 1t 2 2 , and 
2 3 are reduced to about 3 nm (30 A), 2 nm (20 A), and 
1 nm (10 A), respectively, to allow them to emit light 35 
beams of red, green, and blue, respectively. 
[0087] After the wires 2 have been oxidized in the 
above manner, the substrate 1 on which the wires 2 are 
formed are immersed in hydrogen fluoride at the room 
temperature for one minute If necessary, whereby the *o 
oxide film 1 1 b (including the formation assisting film 1 1 ) 
on the surface of the wires 2 and the substrate 1 . As a 
result, the device of Fig. 10 is formed. 
[0088] In the above step, in a case where there occurs 
no problem even if the insulating film 3 is formed be- 45 
tween the wires 2 as in the case of Fig. 11 or the oxide 
film 1 1 b is formed around the wires 2, only unnecessary 
portions of the oxide film 11b may be removed and it 
need not necessary to remove the entire oxide film 11b. 
[0089] In this manufacturing method, it was examined so 
how the size of the hole 11a of the formation assisting 
film 1 1 and the heating step influence the wire 2. Results 
of this experiment will be described below. 
[0090] First, in the same manner as described above, 
a substrate 1 was prepared and a formation assisting 55 
film 11 was formed. The formation assisting film 11 was 
provided with a region where a plurality of holes 1 1 a hav- 
ing a diameter of 1.5 u.m were formed and a region 



where a plurality of holes 1 1 a having a diameter of 3 u.m 
were formed. Thereafter, in the same manner as de- 
scribed above, gold was evaporated, then melted alloy 
droplets 13a were formed by heating of 30 minutes, and 
then wires 2 were grown. Thereafter, the wires 2 thus 
grown were observed with a scanning electron micro- 
scope (SEM). 

[0091] It was observed that in the region where the 
1 .5-pjn-diameter holes 1 1 a were formed, one wire 2 was 
grown in each hole 11a and the thicknesses of the re- 
spective wires 2 were uniform. In contrast, in the region 
where the 3-ujn-diameter holes 11a were formed, two 
wires 2 were grown in many holes 11a and the thick- 
nesses ofthe respective wires 2 were not uniform. Thus, 
it is understood that the holes 11a of the formation as- 
sisting film 11 are too large, the forming positions and 
the thicknesses of wires 2 cannot be controlled. 
[0092] Further, in the same manner as described 
above, a substrate 1 was prepared and a formation as- 
sisting film 11 was formed in which a plurality of 1 .5-u.m- 
diameter holes 11a were formed. Thereafter, in the 
same manner as described above, gold was evaporat- 
ed, then melted alloy droplets 1 3a were formed by heat- 
ing of one minute, and then wires 2 were grown. There- 
after, the wires 2 thus grown were observed with a SEM. 
[0093] It was observed that a plurality of wires 2 were 
grown for each hole 11a and the thicknesses of the re- 
spective wires 2 were not uniform. Thus, it is seen that 
if the duration of the heating step is insufficient, melted 
alloy droplets 13a cannot cohere sufficiently and wires 
2 grow such that a plurality of melted alloy droplets 13a 
exist in each hole 1 1 a. That is, the forming positions and 
the thicknesses of the respective wires 2 cannot be con- 
trolled. 

[0094] As described above, in this manufacturing 
method of a device having wires, since gold is evapo- 
rated on the substrate 1 through the formation assisting 
film 11, the forming position and the thickness of each 
wire 2 can be controlled in accordance with the position 
and the size of the associated hole 1 1 a in the formation 
assisting film 11 . Therefore, the wires 2 can be grown 
with high accuracy at designed forming positions and 
thicknesses. 

[0095] One melted alloy droplet 13a is formed in each 
hole 11a of the formation assisting film 11 by heating of 
a sufficient time after the evaporation step and before 
the wire growing step. Therefore, one wire 2 can be 
grown for each hole 11a and the forming positions and 
the thicknesses of the respective wires 2 can be con- 
trolled with high accuracy. 

[0096] Further, since the grown wires 2 are oxidized 
after the wire growing step, wires 2 having sufficiently 
small diameters can be formed with high accuracy. 
[0097] The device according to the third embodiment 
can also be manufactured in the following manner. 
[0098] Figs. 14A-14E and 15A-15C show manufac- 
turing steps of another manufacturing method of the de- 
vice according to the embodiment. Figs. 14A-14E and 
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15A-15C also show manufacturing steps of the device 
shown in Fig. 10, as a typical example. First, as shown 
In Fig. 1 4A, a (1 1 1 ) single crystal silicon substrate 1 hav- 
ing resistivity of 0.4-4 Q-cm, for instance, is inserted in 
a reaction furnace and oxidized therein, so that an oxide 
film of, for instance, about 1 00 nm in thickness as a po- 
sition control film 21 is formed on the (111) surface of 
the substrate 1 . 

[0099] Then, as shown in Fig. 14B, the position con- 
trol film 21 is selectively etched by using, for instance, 
an etching liquid containing hydrogen fluoride and open- 
ings 21a having a proper size are thereby formed in a 
proper manner (for instance, periodically) (position con- 
trol film forming step). For example, in the case of form- 
ing the device shown in Fig. 1 0, a plurality of openings 
21 a of about 4 pm in diameter are formed so as to have 
constant center-to-center intervals of about 6 nm in both 
longitudinal and lateral directions as shown in a plan 
view of Fig. 1 6. 

[0100] Subsequently, as shown in Fig. 14C, the sur- 
face of the substrate 1 is selectively etched by plasma 
etching that uses, for instance, sulfur hexafluoride 
( SF 6)' b Y usin 9 tn © position control film 21 as a mask. 
The etching conditions may be set such that the output 
power is 22.5 W, the pressure is 21 ,33 Pa (160 mTorr), 
and the etching time is one minute. As a result, the sur- 
face of the substrate 1 is formed with a plurality of re- 
cesses 1 b periodically, for instance, so that they corre- 
spond to the respective openings 21a of the position 
control film 21 (recesses forming step). For example, a 
plurality of circular recesses 1b having the same size 
are formed at regular intervals in both longitudinal and 
lateral directions. 

[0101 J After the formation of the recesses 1 b, the po- 
sition control film 21 is removed by etching it by using, 
for instance, an etching liquid containing hydrogen flu- 
oride. Then, the surface of the substrate 1 is etched at 
80°C by using, for instance, an etching liquid containing 
potassium hydroxide (KOH). As a result, as indicated by 
arrows in Fig. 14D, the etching proceed selectively at 
the side faces of the respective recesses 1 b. This is be- 
cause the etching rate of a silicon single crystal depends 
on the lattice surface; the etching rate of the (111) sur- 
face is very low while the (-100) surface, the (00-1) sur- 
face, and the (0- 1 0) surfaces that correspond to the side 
faces of the recesses 1b is relatively high. Although a 
negative one of indices of the respective directions for 
expressing a lattice surface is usually overlined, here it 
is indicated by an advanced minus sign for convenience. 
[0102] Therefore, as the etching further proceeds (for 
example, after a lapse of 30 seconds), a plurality of pro- 
trusions 1c at positions (for example, indicated by bro- 
ken lines in Fig. 1 6) between the recesses 1 b as shown 
in Fig. 14E. The etching is stopped at a time point when 
the protrusions 1c of a proper size are formed on the 
surface of the substrate 1 in this manner (protrusions 
forming step). The respective protrusions 1c will serve, 
in a later step, as position determining means (i.e., as- 



sisting means) that will become nuclei for formation of 
wires 2 and determine their positions. In this manufac- 
turing method, the size and the positions of the openings 
21a that are formed in the position control film forming 

5 step are adjusted so that the protrusions 1 c are formed 
so as to correspond to the forming positions of the re- 
spective wires 2. The above-described steps from the 
position control film forming step to the protrusions form- 
ing step belong to a position determining means forming 
step (i.e., assisting means forming step). Incidentally, in 
this manufacturing method, since an formation assisting 
film forming step is executed after the position determin- 
ing means forming step as described later, the assisting 
means forming step includes the position determining 

15 means forming step and the formation assisting film 
forming step. 

[0103] After the formation of the protrusions 1c, as 
shown in Fig. 15A, a silicon dioxide film of about 25 nm 
in thickness as a formation assisting film 11 is formed 

20 on the substrate 1 by CVD (chemical vapor deposition), 
for instance. Thereafter, a plurality of holes 11a are 
formed so as to correspond to the respective protrusions 
1c by selectively etching the formation assisting film 11 
in the same manner as in the formation assisting film 

25 forming step in the previous manufacturing method. For 
example, in the case of forming the device shown in Fig. 
10, holes 11a 1 having a diameter of about 1 ^m, holes 
1 1 a 2 having a diameter of about 0.8 pm, and holes 1 1 a 3 
having a diameter of about 0.6 \xxr\ are formed for the 

30 respective columns in the same manner as in the pre- 
vious manufacturing method. As a result, the formation 
assisting film 11 as an assisting means is formed (for- 
mation assisting film forming step, assisting means 
forming step). In this step, it is not necessary that the 

35 protrusions 1 c be located at the centers of the respective 
holes 1 1 c; it suffices that the protrusions 1 c be exposed 
on the surface so as to be in one-to-one correspondence 
with the respective holes 1 1 a. 

[0104] After the formation of the formation assisting 

*o film 1 1 , the portions of the substrate 1 that are exposed 
through the respective holes 11a of the formation assist- 
ing film 1 1 are cleaned and dried and respective catalyst 
layers 1 3 are formed on the exposed portions of the sub- 
strate 1 by evaporating a metal to serve as a catalyst 

45 during growth of the wires 2 in the same manner as in 
the previous manufacturing step (evaporation step). 
The same heating step as in the previous manufacturing 
method is executed approximately at the same time as 
the evaporation step or when necessary. As a result, as 

50 shown in Fig. 1 58, the catalyst layers 1 3 locally melt sil- 
icon and cohere with the respective protrusions 1c serv- 
ing as nuclei on the portions of the substrate 1 that are 
exposed through the respective holes 11 a of the forma- 
tion assisting film 1 1 , and a plurality of melted alloy drop- 

55 lets 13a are formed at the positions of the respective 
protrusions 1c. At this time, the sizes of the melted alloy 
droplets 13a are controlled by the respective holes 11a 
of the formation assisting film 11. At this time, even if the 
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positions of the protrusions 1c are deviated from the 
centers of the respective holes 11a, the melted alloy 
droplets 13a can reliably be formed at the positions of 
the respective protrusions 1 1 c because the melted alloy 
droplets 13a cohere with the respective protrusions 1c 
serving as nuclei. 

[01 05] After the formation of the melted alloy droplets 
1 3a, as shown in Fig. 15C, wires 2 are grown selectively 
under the melted alloy droplets in the same manner as 
in the previous manufacturing method (wire growing 
step). That is, the wires 2 grow at the positions of the 
respective protrusions 1c. Thus, the device shown in 
Fig. 10 is formed. 

[01 06] If necessary, an oxidation step may be execut- 
ed after the growth of the wires 2 in the same manner 
as in the previous manufacturing method. 
[0107] Fig. 17 is a SEM photograph of a device 
formed by this manufacturing method. Incidentally, the 
device of Fig. 1 7 was formed such that the openings 21 a 
of the position control film 21 were formed as circles of 
the same size at regular intervals in both longitudinal 
and lateral directions and that the holes 11a of the for- 
mation assisting film 11 were formed also as circles of 
the same size. As seen from the figure, the wires 2 were 
grown, one for each hole 11a, approximately at the 
same positions in the respective holes 11a of the forma- 
tion assisting film 1 1 and theirthicknesses were uniform. 
Incidentally, a comparison with a device formed by the 
previous manufacturing method shows that this manu- 
facturing method can control even the positions of the 
wires 2 in the respective holes 1 1 a of the formation as- 
sisting film 1 1 and hence provides a more accurate con- 
trol. 

[0108] In this manufacturing method of a device hav- 
ing wires, since the protrusions 1 c as the position deter- 
mining means are formed on the substrate 1 , the melted 
alloy droplets 13a can be formed at the positions of the 
respective protrusions 1c by causing the catalyst layers 
13 to cohere with the respective protrusions 1c serving 
as nuclei. That is, the respective wires 2 can be formed 
at designed forming positions with high accuracy. 
[0109] Further, since a metal as a catalyst is evapo- 
rated through the formation assisting film 11 after the 
formation of the protrusions 1c, the thicknesses of the 
wires 2 can be controlled in accordance the sizes of the 
respective holes 11a of the formation assisting film 11 . 
Thus, the respective wires 2 can be formed at designed 
thicknesses with high accuracy. 
[0110] The invention is not limited to the above-de- 
scribed third embodiment and various modifications are 
possible. For example, although in the embodiment the 
wires 2 are arranged at regular intervals in both longitu- 
dinal and lateral directions, the invention encompasses 
a case where the wires 2 are arranged at given pitches 
in accordance with the use of the device. Even in this 
case, the device can be manufactured in the same man- 
ner as in the embodiment. 

[01 1 1 ] Although in the embodiment the formation as- 



sisting film 11 is formed with silicon dioxide, it may be 
formed with other substances such as silicon nitride 
(SiN 4 ) and proper resins as long as they do not form 
melted alloy droplets with the metal that is evaporated 

5 in the evaporation step. 

[0112] Although in the embodiment the position con- 
trol film 21 is formed with silicon dioxide, it may be 
formed with other substances such as a proper resin. 
[01 1 3] Although in the above embodiment the protru- 

io sions 1c as the position determining means are formed 
on the surface of the substrate 1 , the position determin- 
ing means may be any means as long as they can serve 
as nuclei so that the melted alloy droplets 13a cohere 
at intended positions as well as can serve as nuclei dur- 

'5 ing the formation of the wires 2. For example, they may 
be minute grooves, or recesses each having one partic- 
ular deepest position. However, the protrusions 1c as 
described in the embodiment that are formed by etching 
the surface of the substrate 1 are preferable because 

?<> they serve as nuclei during the cohesion of the melted 
alloy droplets 13a as well as nuclei during the epitaxial 
growth of the wires 2. 

[0114] Further, although in the embodiment a silane 
gas in directly introduced into the reaction furnace (not 

?5 shown) in the wire growing step, it may be introduced 
into the reaction furnace after being diluted with an inert 
gas such as a helium (He) gas or an argon (Ar) gas. 
[0115] In addition, although in the embodiment a si- 
lane gas is used as the silicon material gas, a disilane 

» (Si 2 H 6 ) gas or a trisilane (Si 3 H 8 ) gas, or even a mixed 
gas of at least two of a silane gas, a disilane gas, and a 
trisilane gas may be used instead of a silane gas. Even 
with such a gas other than a silane gas, silicon wires 
having sufficiently small diameters and good shapes 

« can be grown under the same conditions as with a silane 
gas. 

[0116] Further, not only a silane gas, a disilane gas, 
and a trisilane gas but also gases capable of producing 
silicon by a decomposition reaction, such as a silicon 

o chloride (SiCg gas that is diluted with a hydrogen gas 
(H 2 ), may be used as the silicon material gas. In the lat- 
ter case, the gas pressure and the heating temperature 
are determined properly for the kind of gas used. 
[0117] In addition, although the embodiment is direct- 

5 ed to the case of growing the silicon wires 2 on the silicon 
substrate 1 , the invention is widely applicable to devices 
in which wires are grown on a substrate by the VLS 
method. 

[01 1 8] Still further, although the embodiment is direct- 
o ed to the case where the device according to the inven- 
tion is used as a light-emitting device or an array device 
in which wiring is made in matrix form, ft may be used 
as needles of an AFM (atomic force microscope) or an 
electron emission device. 
5 [0119] As described above, in one device having 
wires according to the invention, since the forming po- 
sitions of the respective wires are controlled, the respec- 
tive wires can be arranged at positions that are designed 
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for an intended purpose, resulting in an advantage that 
the device can be put into practical use. For example, a 
matrix-like array device can be obtained in which wires 
are arranged periodically. 

[01 20] Further, in another device having wires accord- 
ing to the invention, since the thicknesses of the respec- 
tive wires are controlled, there is obtained an advantage 
that the thicknesses of the respective wires can be ad- 
justed arbitrarily in accordance with an intended pur- 
pose. Therefore, there can be obtained a device in 
which the thicknesses of the respective wires are equal- 
ized and a device in which wires of different thicknesses 
are arranged to emit visible light beams of a plurality of 
wavelengths. 

[0121] Still further, in the manufacturing method of a 
device having wires according to the invention, since the 
assisting means for assisting the formation of wires on 
a substrate are formed, the forming positions and the 
thicknesses of respective wires can be controlled by uti- 
lizing the assisting means. This results in an advantage 
that the wires can be grown with high accuracy. Thus, 
the device having wires according to the invention can 
be realized. 



Claims 

1. A manufacturing method of a wire, comprising the 
steps of: 

forming a mask (11) having an opening on a 
substrate (1); 

depositing by evaporation a metal to become a 
catalyst (1 3) during growth of a wire on the sub- 
strate (1 ) on which the mask (1 1 ) is formed; and 
growing a wire (2) in the opening on the sub- 
strate (1) by heating the substrate (1) on which 
the metal is deposited in an atmosphere con- 
taining a material gas for the wire (2) wherein 
a surface of the substrate (1 ) acts as a nucleus 40 
for growth of the wire (2) in the opening of the 
mask (11). 

characterized in that 

the nucleus is formed by the steps of forming 45 
a plurality of recesses (1 b) on the surface of the sub- 
strate (1), and forming a protrusion (1c) between 
adjacent ones of the plurality of recesses (1b) by 
selectively etching side faces of the recesses (1b). 

so 

2. The manufacturing method according to claim 1, 
wherein the mask (11) has a plurality of openings 
which are formed periodically. 

3. The manufacturing method according to claim 1 or 55 
2, wherein the opening has a size corresponding to 

a diameter of a wire (2) to be grown. 



9. The manufacturing method according to anyone of 
claims 1 to 8. wherein the substrate (1) is a (111) 
surface silicon substrate. 

10. The manufacturing method according to claim 7, 
comprising the steps of 

oxidizing the grown silicon wire to form an ox- 
ide film in a surface portion; 

removing the metal at a tip of the silicon wire; 

and 

removing the oxide film. 

11. The manufacturing method according to claim 10, 
wherein the metal is deposited at a thickness of 5 
nm or less in the metal depositing step. 

1 2. The manufacturing method according to claim 1 0 or 
11, wherein the metal is at least one of gold, silver 
and indium. 

13. The manufacturing method according to claim 12, 
wherein in the silicon wire growing step the silicon 
substrate (1) is heated to 400°C or less in an atmos- 
phere containing the silicon material gas than 66.66 
Pa (0.5 Torr) or more. 



Patentansprtiche 

1 . Herstellungsverfahren eines Drahts, mit den Schrit- 
ten: 

Bilden einer Maske (11) mit einer Offnung auf 
einem Substrat(1); 



4. The manufacturing method according to anyone of 
claims 1 to 3, further comprising, before the wire 
growing step, a step of heating the substrate (1) on 
which the metal is evaporated. 

5 

5. The manufacturing method according to claim 4 r 
wherein a heating time in the substrate heating step 
is 10 minutes or more. 

w 6. The manufacturing method according to claim 4, 
wherein in the substrate heating step the substrate 
(1) is heated until at least one alloy droplet of the 
metal and a substance constituting the substrate (1 ) 
is formed in the opening. 

15 

7. The manufacturing method according to anyone of 
claims 1 to 6, each of the substrate and the wire is 
made of silicon. 

2° 8. The manufacturing method according to anyone of 
claims 1 to 7, wherein the material gas is at least 
one of a silane gas, a disiiane gas, and a trisilane 
gas. 

25 
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Abscheiden eines Metalls auf dem Substrat (1 ) ( 
auf dem die Maske (11) gebildet ist, durch Auf- 
dampfen, wobei das Metall wahrend des 
Wachstums eines Drahts ein Katalysator (13) 
wird; und 

Wachsen eines Drahts (2) in der Offnung auf 
dem Substrat (1) durch Erhitzen des Substrats 
(1), auf dem das Metall abgeschieden ist, in ei- 
ner Atmosphare, die ein Materialgas fur den 
Draht (2) enthalt, wobei eine Oberflache des 
Substrats (1) als ein Keim fur das Wachstum 
des Drahts (2) in der Offnung der Maske (11) 
wirkt, 

dadurch gekennzeichnet, daB 

der Keim durch die Schritte zum Bilden einer Viel- 
zahl von Vertiefungen (1b) auf der Oberflache des 
Substrats (1) und zum Bilden eines hervorstehen- 
den Bereichs (1c) zwischen benachbarten Vertie- 
fungen von der Vielzahl von Vertiefungen (1b) durch 
selektives Atzen der Seitenflachen der Vertiefun- 
gen (1b) gebildet wird. 

2. Herstellungsverfahren nach Anspruch 1 , bei dem 
die Maske (11) eine Vielzahl von periodisch gebil- 
deten Offnungen hat. 

3. Herstellungsverfahren nach Anspruch 1 oder 2, bei 
dem die Offnung eine GroBe hat, die einem Durch- 
messer eines zu wachsenden Drahts (2) entspricht. 

4. Herstellungsverfahren nach einem der Anspruche 
1 bis 3, femer mit einem Schritt zum Erhitzen des 
Substrats (1), auf das das Metall aufgedampft ist, 
vor dem Schritt zum Wachsen des Drahts. 

5. Herstellungsverfahren nach Anspruch 4, bei dem 
eine Heizzeit in dem Substraterhitzungsschritt 10 
Minuten Oder mehr betragt. 

6. Herstellungsverfahren nach Anspruch 4, bei dem 
bei dem Substraterhitzungsschritt das Substrat (1) 
erhitzt wird, bis mindestens ein Legierungstropf- 
chen aus dem Metall und einer Substanz, aus der 
das Substrat (1 ) aufgebaut ist, in der Offnung gebil- 
det wird. 

7. Herstellungsverfahren nach einem der Anspruche 
1 bis 6, bei dem sowohl das Substrat als auch der 
Draht aus Silizium hergestellt sind. 

8. Herstellungsverfahren nach einem der Anspruche 
1 bis 7, bei dem das Materialgas Silangas, Disilan- 
gas und/oderTrisilangas ist. 

9. Herstellungsverfahren nach einem der Anspruche 
1 bis 8, bei dem das Substrat (1) ein Siliziumsub- 
strat mit einer (111)-Oberflache ist. 



10. Herstellungsverfahren nach Anspruch 7, mit den 
Schritten zum Oxidieren des gewachsenen Silizi- 
umdrahts unter Bildung eines Oxidfilms in einem 
Oberflachenbereich; Entfernen des Metalls an ei- 

5 ner Spitze des Siliziumdrahts; und Entfernen des 
Oxidfilms. 

11. Herstellungsverfahren nach Anspruch 10, bei dem 
das Metall in dem Metallabscheidungsschritt bei ei- 
ner Dicke von 5 nm oder weniger abgeschieden 
wird. 

12. Herstellungsverfahren nach Anspruch 10 oder 11, 
bei dem das Metall Gold. Silber und/oder Indium ist. 

15 

13. Herstellungsverfahren nach Anspruch 12, bei dem 
das Siliziumsubstrat (1) in dem Schritt zum Wach- 
sen des Siliziumdrahts auf 400°C oder weniger in 
einer Atmosphare, die das siliziumhaltige Gas bei 
66,66 Pa (0,5 Torr) oder mehr enthalt, erhitzt wird. 



Revendications 

1 . Precede de production d'un fil, comprenant les eta- 
pes de : 

formation d'un masque (11) ayant une ouvertu- 
resurun substrat (1); 

depdt par evaporation d'un metal pour devenir 
un catalyseur (13) lors de la croissance d'un fil 
sur le substrat (1 ) sur lequel le masque (1 1 ) est 
forme ; et 

croissance d'un fil (2) dans I'ouverture sur le 
substrat (1) en chauffant le substrat (1) sur le- 
quel le metal est depose dans une atmosphere 
contenant un gaz d'un materiau pour le fil (2) 
dans laquelle une surface du substrat (1) agit 
comme noyau pour la croissance du fil (2) dans 
I'ouverture du masque (11), 

caracterlse en ce que 

le noyau est forme par les etapes de formation 
d'une pluralite de cavites (1b) sur la surface du 
substrat (1), et la formation d'une satllie (1c) entre 
les cavites adjacentes de la pluralite des cavites 
(1b) en gravant selectivement les surfaces laterales 
des cavites (1b). 

2. Procede de production selon la revendication 1 , 
dans lequel le masque (11) a une pluralite d'ouver- 
tures qui sont formees periodiquement. 

3. Procede de production selon ia revendication 1 la 
revendication 2, dans lequel I'ouverture a une taille 
correspondant a un diametre d'un fil (2) qui doitcroi- 
tre. 
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4. Procecte de production selon Tune quelconque des 
revendi cations 1 a 3, comprenant en outre, avant 
I'etape de croissance du til, une 6tape de chauffage 
du substrat (1) sur lequel le metal est evapore. 

5 

5. Proc6de de production selon la revendication 4, 
dans lequel le temps de chauffage dans I'etape de 
chauffage du substrat est de 10 minutes ou moins. 

6. Procede de production selon la revendication 4, w 
dans lequel lors de I'etape de chauffage du substrat 

le substrat (1) est chauffe jusqu'a ce qu'au moins 
une gouttelette d'alliage du mdtal et d'une substan- 
ce constituant le substrat (1) soit formee dans 
I'ouverture. 15 



7. Procede de production selon I'une quelconque des 
revendications 1 a 6, le substrat et le fil etant tous 
deux compose de silicone. 

20 

8. Proc6de de production selon I'une quelconque des 
revendications 1 a 7, dans lequel le gaz d'un mate- 
riau est au moins un parmi un gaz de silane, un gaz 
de disilane et un gaz de trisilane. 

25 

9. Procede de production selon Tune quelconque des 
revendications 1 a 8, dans lequel le substrat (1) est 
un substrat de silicone a surface (111). 

10. Procede de production selon la revendication 7 30 
comprenant les etapes 

d'oxydation du fil de silicone de croissance 
pour former un film d'oxyde dans une portion de la 
surface ; 

I'elimination du metal a la pointe du fil de 35 
silicone ; et 

I'elimination du film d'oxyde. 

11. Procede de production selon la revendication 10, 
dans lequel le metal est depose sur une epaisseur 40 
de 5 nm ou moins dans I'etape de depdt du metal. 

12. Procede de production selon la revendication 1 0 ou 
la revendication 11, dans lequel le metal est au 
moins un parmi Tor, I'argent ou I'indium. 45 

13. Procede de production selon la revendication 12, 
dans lequel lors de l'6tape de croissance du fil de 
silicone le substrat de silicone (1 ) est chauffe a 400 

C ou moins dans une atmosphere contenant le gaz so 
d'un materiau de 66,66 Pa (0,5 Torr) ou plus. 
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FIG. 3A 
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FIG. 6 
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